Motion and Disparity Sensitivity in Visual Cortex
shows the main stimulus configurations in schematic form. In each experimental 146 condition, apparent motion at 2 Hz was presented in alternate bands of the display, with 147 the amplitude of the displacement spanning 0.5 to 16 arcmin in 10 equal log steps for the 148 adults (2-32 arcmin for infants). The adjacent, non-moving bands manipulated the 149 availability of reference cues for motion, disparity or both. The different stimulus 150 conditions manipulated whether the motion was in-phase or anti-phase between the two 151 eyes, the availability and nature of motion and/or disparity cues in the non-moving 152 reference bands, or the inter-ocular correlation of the moving bands. By making these 153 comparisons systematically, we were able to evaluate how relative motion and disparity 154 
4F/8Hz response functions). 174
In the first condition of Experiment 1, the moving test bands are flanked by 175 adjacent reference bands containing static dots ( Figure 1A ) and the SSVEP amplitude is a 176 saturating function of horizontal displacement ( Figure 2A , dark orange). This response 177 function is well-described by the Naka-Rushton function (Naka and Rushton, 1966) and 178 fits of this function to the data are plotted as smooth curves in Figure 2 and elsewhere. In 179 the second condition of Experiment 1, the static reference dots were replaced with dots 180 that were temporally incoherent ( Figure 1B 
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See text for additional details.
251 252
Sensitivity to inter-ocular phase. By making the inter-ocular phase the only difference 253 between conditions, we can focus the comparison of responses on specifically binocular 254 mechanisms. Anti-phase horizontal motion in the two eyes creates IOVD and CDOT cues 255 that are not present in the in-phase conditions. When the motion direction is horizontal, 256 these cues support a percept of motion-in-depth. 257
In the presence of a static reference, anti-phase motion evoked a response that is a 258 saturating function of displacement. As for in-phase motion, unreferenced responses were 259 strongly reduced (compare dark and light green in Figure 2A , F). We again tested for 260 differences between referenced and unreferenced conditions using jackknifed t-tests on 261 the fit parameters (see Table S2 for results). For the horizontal conditions, the reference 262 effect manifested as larger R max in Experiments 1 and 3, and as larger baselines in 263 Experiment 2. In addition, d 50 was lower for the referenced condition in Experiments 2 264 and 3, but higher in Experiment 1. For the vertical conditions, the differences manifested 265 as larger R max for the referenced condition in Experiments 1 and 3, and as larger baselines 266 in Experiment 2. 267
The response functions for the referenced anti-phase conditions were shifted 268 rightward on the displacement axis relative to the in-phase conditions, suggesting that the 269 visual system was less sensitive to anti-phase motion in the two eyes. We assessed the 270 significance of the difference between the in-phase and anti-phase conditions with 271 jackknifed t-tests on the fit parameters (see Table S3 for results). Note that the five adult 272 experiments (1, 2, 3, 4 and 5) all had virtually identical referenced in-phase and anti-273 phase conditions, so we compared the fit parameters for all of them. The d 50 parameter 274 was significantly lower for in-phase compared to anti-phase motion for the horizontal 275 conditions in all five experiments, and for the vertical conditions in four out of five, with 276 Experiment 3 as the exception. The R max parameter was only significant in Experiment 3, 277
were R max was smaller for in-phase than anti-phase for both horizontal and vertical 278 conditions. The exponent (n) parameter was smaller for in-phase than anti-phase in the 279 vertical conditions of Experiments 1, 2 and 5 and there was a similar trend in Experiment 280 4 (p = 0.065). There were no significant exponent effects for the horizontal conditions, 281 although Experiment 2 approached significance (p = 0.084). The baseline parameter was 282 larger for in-phase in the horizontal conditions in Experiment 3 and in the vertical 283 conditions in Experiments 1, 3 and 4. The differences between in-phase and anti-phase 284 responses are thus relatively stable across the referenced conditions that were repeated in 285 multiple experiments. 286
In Experiment 2, where the static dot reference is replaced with a blank reference, 287 the anti-phase response function is no longer shifted to the right of the in-phase response 288 function, but is rather shifted to the left ( Figure 2B, G) . This manifests as a larger R max for 289 the horizontal conditions, with a trend towards significance for the vertical conditions (p 290 = 0.10; see Table S4 ). This result, when compared to the results of the other experiments, 291
indicates that the suppression of responses to anti-phase motion, relative to responses to 292 in-phase motion, depends on the content of the reference region. 293
294
Relationship to perceptual stereo-movement suppression. We have previously 295 observed a reduced amplitude evoked response to anti-phase compared to in-phase 296 motion (Cottereau et al., 2014) . We suggested that this effect may be related to the 297 perceptual phenomenon known as "stereo-movement suppression" (Tyler, 1971 ), a 298 reduction in displacement sensitivity under binocular viewing conditions that has been 299 replicated numerous times and is usually attributed to the stereoscopic motion system 300 (Tyler, 1971 The psychophysical thresholds for the unreferenced data, averaged over ascending and 343 descending sweeps, were higher than for the referenced data by a factor of ~4, but led to 344 comparable differences between in-phase and anti-phase motion. Anti-phase thresholds 345 were higher than in-phase by factors ~1.75 for horizontal and ~1.5 for vertical ( Figure  346 4C), indicating that the perceptual stereo-movement suppression phenomenon persisted 347 in the blank reference condition. Paired t-tests on individual participant thresholds 348 confirmed that these differences were significant for both horizontal (t(10) = -7.03, p < 349 0.0005) and vertical (t(10) = -5.36, p < 0.0005). 350 suppression we see in our data can be measured for both orientations. Because IOVD is 426 an explicitly motion-based cue, we wanted to determine whether IOVD cues alone could 427 elicit the suppression effects in our paradigm. 428
We isolated the IOVD cue using two approaches developed previously for this 429 purpose. In Experiment 4, we used dots in the moving regions that were uncorrelated 430 Table S5 ). For the uncorrelated horizontal 435 conditions (purple and blue in Figure 2D ), the anti-phase suppression manifested as lower 436 condition that is used as the reference for the suppression effect (compare orange and 450 purple in Figure 2D , E, I and J). Nonetheless, the overall effects and trends in the data 451 indicate that anti-phase suppression can be generated by the IOVD cue alone. participants (note that only one session was added to the combined data for individuals 465 that took part in several experiments). We then derived reliable components over the 466 larger group separately for the 2F and 4F data, using the same RCA approach as for the 467 individual experiments. 
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If the 4F effect is in fact a substrate for MID from IOVD, we would expect it to 492 replicate in the uncorrelated and anti-correlated IOVD-isolating conditions. To test this, 493
we repeated the analysis with combined data from the horizontal and vertical anti-phase 494 Figure 3C and D) , and the overall trend in the SSVEP response functions 497 was similar (Supplementary Figure 3A and harmonics. By contrast, the anti-phase condition is phenomenologically asymmetric -for 507 horizontal motion, the observers' percept alternates between a segmented field of 508 disparate bands and a field comprised of a flat plane (zero disparity over the whole 509 image). This asymmetry in perceptual organization manifests in the evoked response as 510 the presence of a response at the first harmonic (1F) of the stimulus frequency, i.e. the 511 rate at which the perceptual organization changes (2 Hz). The 1F displacement response 512 functions are shown in Figure 6 for the five main experiments. The data are from the first 513 reliable component produced by RCA performed separately on the 1F data, using the 514 same approach as for 2F. 515
Like the 2F responses, the 1F response is a saturating function of displacement, 516 starting from the smallest displacement amplitude that depends on the presence of a local 517 reference of static dots. In the horizontal referenced conditions of Experiments 1, 2, 4 and 518 5 there is strong 1F response for anti-phase motion, ( Figure 6A, B, D, E, dark green) . 519
This response is obliterated when the reference is replaced with uncorrelated dots or 520 removed (light green), and in the in-phase conditions where there is no motion in depth 521 (dark and light orange). Similar dependence on a correlated zero disparity reference has 522 been observed with dynamic random dot displays that fully isolated the CDOT cue 523 (Norcia et al., 2017a) . 524
We also obtained measurable 1F responses for vertical conditions with a static dot 525 reference, but the response function is shifted to the right by a factor of ~4 ( Figure 6F Figure 6F and G, light 529 green). A vertical relative disparity signal has also been found with pure CDOT dynamic 530 random dot stimuli (Norcia et al., 2017a) . In both cases, displacement sensitivity is about 531 4 times better for horizontal than for vertical disparity. 532 If 1F is in fact due to the phenomenological asymmetry over time as the anti-574 phase display alternates between uniform and segmented percepts, the first harmonic 575 should disappear with a stimulus configuration in which the display no longer alternates 576 between uniform and segmented states. Such a configuration also tests the alternative 577 hypothesis that the asymmetry leading to 1F is due to different response amplitudes for 578 motion towards and away from the observer. For Experiment 3, we generated such a 579 display by making the two endpoints of the monocular apparent motion trajectories 580 straddle zero disparity, which means that the bands alternated between equal and opposite 581 values of crossed and uncrossed disparity. This subtle manipulation eliminates the 582 asymmetry associated with alternating between uniform and segmented percepts, but still 583 gives rise to motion towards and away from the observer in the horizontal anti-phase 584 conditions, and to left/right or up/down motion in the plane in the in-phase conditions. 585
The latter point explains why 2F responses are so similar between Experiments 1 and 3. 586
The 1F response is eliminated in Experiment 3, for both horizontal and vertical directions 587 of motion, tying the response to asymmetric processing of the uniform vs segmented 588 stimulus states ( Figure 6C, H) . 589
In the full-cue condition, the 1F response could in principle arise from either the 590 CDOT or IOVD cue, as both are present. However, the 1F response becomes 591 unmeasurable in the uncorrelated ( Figure 6D, I ) and anti-correlated ( Figure 6E , J) 592 conditions that eliminate the CDOT cue, indicating that 1F responses are driven by 593
CDOT. The fact that this CDOT-driven 1F response can be measured for vertical relative 594 disparities suggests that it is not exclusively a MID signal, at least at large disparity 595
values. 596
Finally, in the case of the infants, a weak, but measurable 1F response was 597 present in the referenced horizontal condition (Figure 7, dark green) . The sensitivity to 598 displacement in our full cue display here is similar to previous measurements with 599 CDOT-isolating dynamic random-dot stereograms (Norcia et al., 2017a) . As for adults, 600 the infant 1F depends on the presence of the static dot reference and disappears when the 601 blank reference is used (Figure 7 , light green), although caution is needed here given the 602 weak responses to the full-cue condition. 603 604 
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Discussion 613
Our data provide new insights into the early stages of lateral motion and motion-in-depth 614 processing. First, for the case of in-phase, lateral motion in the fronto-parallel plane, we 615
show that both threshold and supra-threshold responsivity is strongly dependent on the 616 presence of a nearby reference in adults, but not in 5-month-old infants. Infants were not 617 sensitive to relative motion under the stimulus conditions we used. Single-unit recordings 618 with large amplitude motions in cat lateral supra-sylvian cortex (von Grunau and Frost, 619 1983), pigeon tectum (Frost and Nakayama, 1983 ) and macaque areas MT, MST, 620 superior colliculus and V1 (Bridgeman, 1972 In our anti-phase conditions, we presented opposite directions of motion to the 640 two eyes and a differential response between in-phase and anti-phase conditions could 641 thus only be generated after binocular combination. The anti-phase suppression we have 642 observed is consistent with a dichoptic, directionally-opponent interaction. The functional 643 form of the suppressive interaction is a rightward shift of the response curve on the 644 displacement axis, consistent with a form of divisive normalization (Carandini, 2012) . 645
Prior work has suggested that the perceptual stereo-movement suppression effect is due 646 to limits in sensitivity imposed by increased noise in binocular differencing operations 647 (Brooks and Stone, 2004; Katz et al., 2015; Cooper et al., 2016) . By using a direct neural 648 measure over both threshold and supra-threshold levels, we see that the stimulus-driven 649 population response itself is strongly attenuated. This attenuation is difficult to 650 accommodate within a probabilistic, noise-limited detection framework. Suppression is 651 more consistent with mutual inhibition between the two eyes, as initially suggested in the 652 first observations of the suppression effect (Tyler, 1971) . Which responses in our data are likely to reflect activity specifically related to 745 MID? Evidence for a MID signal based on CDOT comes from our finding that disparity 746 thresholds for the CDOT-specific response at the first harmonic is much lower for 747 horizontal than for vertical conditions, consistent with the prominent role that horizontal 748 relative disparity plays in perception. We see very little evidence for an asymmetry 749 between horizontal and vertical conditions at the second harmonic, our IOVD correlate. 750
We do, however see a measurable superiority of responsiveness to smaller horizontal 751 displacements at the fourth harmonic that persists for stimuli that isolate the IOVD cue. 752
The fact that the fourth harmonic -but not the second harmonic -is tuned for stimulus 753 orientation indicates that the two harmonics are not being generated by a common, In addition to their lack of a sensitivity to references, infants also show a lack of 775 anti-phase suppression. Because anti-phase suppression in adults is strongly dependent on 776 the presence of references, it is conceivable that the lack of anti-phase suppression in 777 infants is driven by their lack of sensitivity to references. However, it is also possible that 778 the lack of anti-phase suppression represents a separate immaturity relating to binocular 779 vision. In-phase motion responses were measured under binocular conditions, but would Thirteen adults (7 male, avg. age = 27.3 years, SD = 6.9) participated. The relative 888 motion and relative disparity conditions were similar to those used in Experiment 1, but 889 the absolute motion conditions were replaced with conditions in which moving test bands 890 contained anti-correlated dots while reference bands contained static dots. In all 891 conditions, dots were presented on a mean-luminance purple background, which allowed 892 bright and dark dots for both red and blue color channels to be shown to either eye in the 893 anti-correlated display. 894
895
Psychophysics Experiment 1 with relative displacement conditions 896
Fourteen adults (7 male, avg. age = 25.8 years, SD = 5.87) participated. Viewing distance 897 was set at 3m rather than the 1m used for all other experiments to allow for smaller 898 displacement increments. Spatial frequency of the static and reference bands was adjusted 899 to 0.46 cpd and dot diameter to 4.2 arcmin to match these parameters with those used at 900 1m. Displacements ranged from 0.16 to 2.56 arcmin in 10 equal log steps. Parameters 901 were otherwise matched to the relative conditions of Experiments 1 and 2, with static 902 reference bands. On each trial, participants viewed either an ascending or descendingwith a memory length equal to the 1 sec bin length. Real and imaginary components of 966 the SSVEPs at the first four harmonics of the stimulus frequency were calculated. Noise 967 estimates were calculated at neighboring frequency bins, i.e. F +/-1 Hz. 968
We reduced the spatial dimensionality of our data by decomposing the sensor data 969 into a set of physiologically interpretable components using Reliable Components 970 Analysis (RCA; Dmochowski et al., 2015) . Because SSVEP response phase is constant 971 over repeated trials of the same stimulus, RCA utilizes a cross-trial covariance matrix to 972 decompose the 128-channel montage into a smaller number of components that maximize 973
